Journal  of  Power  Sources  211  (2012)  71-76 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


P  r*! 

Sbb..«ltS 


Electrodeposition  of  manganese  oxide  from  eutectic  urea/choline  chloride  ionic 
liquid:  An  in  situ  study  based  on  soft  X-ray  spectromicroscopy  and  visible 
reflectivity 

Benedetto  Bozzini3*,  Alessandra  Gianoncelli b,  Burkhard  Kaulichb,  Claudio  Mele3,  Mauro  Prascioluc, 
Maya  Kiskinova  b 

a  Dipartimento  di  Ingegneria  dell’Innovazione,  Universita  del  Salento,  Via  Monteroni,  73100  Lecce,  Italy 
hElettra  -  Sincrotrone  Trieste  S.C.pA.,  S.S.  14,  km  163.5  in  Area  Science  Park,  34149  Trieste-Basovizza,  Italy 
c  CNR-INFM  TASC  National  Laboratory,  S.S.  14,  km  163.5  in  Area  Science  Park,  34149  Trieste-Basovizza,  Italy 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  17  November  2011 
Received  in  revised  form 
21  March  2012 
Accepted  24  March  2012 
Available  online  11  April  2012 


Keywords: 

Manganese  oxide 

Manganese 

Ionic  liquid 

Electrodeposition 

X-ray  microspectroscopy 

Reflectivity 


In  this  work,  we  describe  a  novel  approach  to  the  fabrication  of  Mn02,  consisting  in  Mn  electrodeposition 
from  a  choline  chloride/urea  eutectic  ionic  liquid  bath  followed  by  controlled  electrochemical  oxidation 
in  an  aqueous  solution.  Both  electrodeposition  and  electro-oxidation  processes  have  been  studied  by 
electrochemical  and  in  situ  spectroelectrochemical  approaches.  Synchrotron-based  soft  X-ray  scanning 
microscopy  and  absorption  spectroscopy  were  used  to  measure  in  situ  the  Mn  valence  distribution  on  the 
electrodes  and  within  the  cell.  The  oxidation  process  was  followed  in  situ  by  visible  reflectivity 
measurements:  the  different  stages  of  the  oxidation  process  could  be  discriminated  dynamically  on  the 
basis  of  relative  reflectivity  changes.  The  capacitance  of  the  electrochemically  fabricated  films  has  been 
measured  with  cyclic  voltammetry  and  electrochemical  impedance  spectrometry. 

©  2012  Published  by  Elsevier  B.V. 


1.  Introduction 

Electrochemical  supercapacitors  have  become  a  versatile  solu¬ 
tion  to  various  emerging  energy  application.  They  are  charge 
storage  devices  with  greater  power  density  and  a  longer  cycle  life 
than  batteries,  and  a  higher  energy  density  compared  with 
conventional  capacitors  [1  ].  The  most  widely  used  active  electrode 
materials  are  carbon  [2,3],  conducting  polymers  [4,5],  noble  [6-8] 
and  transition  metal-oxides  [9-12].  Among  these  electrode  mate¬ 
rials,  manganese  oxide  has  gained  significant  interest  due  to  its 
cheapness,  capacitive  performance  and  environmental  compati¬ 
bility  [13,14].  Moreover,  in  the  development  of  energy  storage 
devices,  nanostructured  electrode  materials  have  attracted  great 
interest,  as  they  show  higher  capacities  and  better  rates  than 
traditional  materials  [15,16].  A  host  of  approaches  to  the  fabrication 
of  highly  capacitive  manganese  oxides  is  documented  in  the  liter¬ 
ature,  among  which  fully  electrochemical  methods  are  found, 
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based  on  two  alternative  routes:  anodic  oxidation  from  Mn2+ 
solutions  and  electrodeposition  of  Mn  followed  by  controlled 
oxidation.  The  quality  of  the  final,  oxidised  material  is  strongly 
dependent  on  the  morphology  of  the  metallic  Mn  precursor  film 
and  it  is  well  known  from  the  literature  that  Mn  electrodeposition 
from  aqueous  solutions  typically  gives  rise  to  incoherent  and 
notably  rough  films,  chiefly  owing  to  the  high  rate  of  concurrent 
hydrogen  evolution.  For  this  reason,  the  use  of  room  temperature 
ionic  liquids  (RTIL)  as  solvents  for  Mn  electrodeposition  has  been 
recently  proposed,  in  view  of  the  fabrication  of  higher-quality 
material  [17-20]. 

Deep  eutectic  solvents  (DES)  represent  a  class  of  ionic  liquids 
and  refer  to  the  mixture  of  two  solid  compounds  whose  melting 
temperatures  are  usually  above  room  temperature  but  when  placed 
together  form  a  compound  that  has  a  melting  point  lower  than 
room  temperature.  DES  are  formed  from  eutectic  mixtures  of 
a  quaternary  ammonium  salt  with  a  hydrogen  bond  donor  species 
as  a  carboxylic  acid,  a  glycol  or  an  amine  and  are  known  for  their 
ability  to  dissolve  metal  salts  and  oxides  as  well  as  organic  material 
such  as  cellulose.  Choline  chloride  based  DES  have  been  success¬ 
fully  assessed  for  electrodeposition  of  different  metals  (Cr,  Mn,  Cu, 
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Ag,  Fe,  Zn)  [21-24]  and  alloys  (Zn/Cr,  Zn/Sn)  [25,26]  on  different 
substrates. 

In  the  present  work  we  propose  the  electrochemical  fabrication 
of  manganese  oxide  obtained  by  oxidation  of  Mn  electrodeposited 
from  a  DES  based  on  choline  chloride  and  urea.  The  electrodepo¬ 
sition  process  was  studied  by  standard  electrochemical  methods 
and  by  in  situ  soft  X-ray  scanning  microscopy  and  absorption 
spectroscopy.  The  electrochemical  oxidation  was  monitored  by 
means  of  in  situ  VIS  reflectivity  experiments.  The  Mn  oxide  films 
were  characterised  in  terms  of  their  morphology  with  scanning 
electron  microscopy  and  capacitive  performance  using  a  combina¬ 
tion  of  electrochemical  techniques  including  cyclic  voltammetry 
and  electrochemical  impedance  spectrometry. 

2.  Experimental 

The  ionic  liquid  formulation  was  achieved  by  mixing  urea  and 
choline  chloride  (ChCl)  in  a  2:1  M  ratio  and  heating  to  a  tempera¬ 
ture  of  80  °C,  with  continuous  magnetic  stirring,  until  a  clear  col¬ 
ourless  liquid  formed.  MnCh  1  M  was  then  added  into  the  mixture 
and  stirring  was  continued  for  30  min  to  obtain  a  homogenous 
liquid.  Electrodeposition  was  carried  out  at  25  °C. 

Electrochemical  measurement  (potentiostatic  deposition,  cyclic 
voltammetry  (CV)  and  electrochemical  impedance  spectrometry 
(EIS))  were  carried  out  with  an  AMEL  5000  potentiostat/galvano- 
stat  connected  to  a  frequency  response  analyser  (Solartron  SI  1250). 
A  three-electrode  electrochemical  cell  was  employed.  The  working- 
(WE)  (with  an  exposed  area  of  1  cm2)  and  counter-  (CE  3  cm2) 
electrodes  were  Au  wires.  An  Au  wire  was  also  chosen  as  the  quasi¬ 
reference  electrode  (QRE),  as  customary  in  the  literature  [17]. 
Before  each  electrochemical  measurement  or  electrodeposition 
process,  the  three  Au  wires  were  treated  as  detailed  in  [27].  CV 
measurements  at  100  mV  s-1  were  performed  in  order  to  charac¬ 
terise  the  pure  electrolyte  and  the  Mn  bath.  Mn  thin  films  were 
cathodically  deposited  on  Au  wire  under  a  nitrogen  atmosphere  in 
a  glove  box,  in  which  the  moisture  and  oxygen  contents  were 
maintained  below  1  ppm.  The  deposited  films  were  thoroughly 
cleaned  with  acetone  and  isopropanol,  according  to  [28]  and  then 
they  were  electrochemically  oxidised  by  means  of  CV  in  aerated 
0.1  M  Na2S04  aqueous  solution  at  25  °C  at  a  scan  rate  of  25  mV  s_1. 
Growth  rates  were  evaluated  gravimetrically  with  a  Sartorius 
balance  having  an  accuracy  of  10-5  g.  The  electrochemical  prop¬ 
erties  of  the  obtained  Mn  oxides  were  investigated  in  the  same 
solution  in  two  ways:  (i)  by  CV,  varying  the  potential  scan  rate  in 
the  range  from  5  to  100  mV  s-1  and  (ii)  by  means  of  EIS.  In  the  tests 
carried  out  in  the  aqueous  solution  the  CE  was  a  platinised  Ti 
expanded  mesh  electrode  exhibiting  an  area  of  ca.  5  cm2  and  the  RE 
was  an  AMEL  Ag/AgCl  (KC1  3  M);  potential  values  are  reported  vs. 
Ag/AgCl. 

The  surface  morphology  of  the  samples  was  examined  with 
a  Cambridge  Stereoscan  scanning  electron  microscope  (SEM). 

In  situ  visible  electrochemical  reflectance  spectroscopy  (ERS) 
measurements  were  carried  out  in  a  cell  with  a  vertical  poly¬ 
crystalline  Au  disc  WE  of  diameter  5  mm  embedded  in  a  Teflon 
cylindrical  holder.  The  CE  and  QRE  electrodes  were  Au  wires, 
p-polarised  light  at  an  incidence  angle  of  45°  was  chosen,  in  order 
to  emphasise  surface  information.  The  spectrometer,  optics  and 
control  electronics  were  constructed  in  our  laboratory.  Solid  state 
light  sources  were  employed  and  the  wavelength  was  selected  with 
a  grating  monochromator,  with  a  spectral  resolution  of  7  nm  and 
a  photodiode  detector.  In  this  particular  experiment  the  reflectivity 
changes  as  a  function  of  applied  potential  were  directly  read  from 
the  photodiode  preamplifier  and  could  be  correlated  with  the 
electrochemical  conditions,  without  need  of  lock-in  detection  of 
relative  reflectivity  variations. 


Soft  X-ray  transmission  microscopy  (STXM),  coupled  with 
micro-spot  X-ray  absorption  spectroscopy  (XAS)  experiments  were 
performed  at  the  TwinMic  beamline  of  Elettra  synchrotron  facility 
(Trieste,  Italy)  [29,30].  An  open  electrochemical  cell,  based  on  the 
design  proposed  and  described  in  detail  elsewhere  [31,32]  was 
used,  but  a  new  geometry  was  implemented  for  better  control  of 
the  current  density  distribution  (Fig.  1).  The  cell  consists  of  a  SisN4 
optical  window  onto  which  three  40  nm  thick  Au  electrodes  - 
acting  as  WE,  CE  and  QRE,  respectively  -  were  fabricated  by  Elec¬ 
tron  Beam  Lithography  (EBL)  direct  writing,  Au  thermal  evapora¬ 
tion  and  standard  lift-off.  This  cell  configuration  allows  to  work 
with  an  X-ray  beam  crossing  the  electrode/electrolyte  assembly 
normally  to  the  optical  window:  the  transmitted  X-rays  can  thus  be 
monitored  by  the  CCD  detector  placed  behind  the  cell  [33,34].  The 
RTIL  was  spun  on  the  lithographed  electrode  assembly,  in  order  to 
achieve  a  thickness  of  200  nm,  optimal  for  detection  of  transmitted 
X-rays  and  emitted  fluorescence  signal  from  the  electrodes 
immersed  in  the  electrolyte.  As  demonstrated  in  [31,35-37],  using 
this  technique  one  can  obtain  simultaneously  in  situ  information 
on  the  evolution  of  the  morphology  and  chemical  state  of  electrodic 
materials  during  electrochemical  processes. 

3.  Results  and  discussion 

3.1.  Electrodeposition  ofMn 

The  electrodeposition  of  Mn  was  studied  by  standard  electro¬ 
chemical  methods  (Section  3.1.1),  in  order  to  identify  the  relevant 
electrochemical  process  windows  as  well  as  the  prevailing  elec- 
trokinetic  processes,  and  by  in  situ  soft  X-ray  scanning  microscopy 
and  absorption  spectroscopy  (Section  3.1.2),  in  order  to  obtain 
space  resolved  information  in  situ  regarding  the  electrode 
morphology  and  chemical  state  of  Mn. 

3.1.1.  Electrochemical  measurements 

A  CV  of  the  Au  electrode  in  2:1  urea/ChCl  is  reported  in  Fig.  2a, 
showing  the  extent  of  the  double  layer  charging  region,  ranging 
from  ca.  0  V  —  where  the  Au  oxidation  starts  -  to  ca.  -1.75  V  where 
the  reduction  of  the  IL  occurs.  The  first  cathodic-going  voltam- 
metric  scan  in  the  electrolyte  containing  MnCh  1 M  is  reported  in 
Fig.  2b,  showing  that  Mn  reduction  takes  place  at  ca.  -1.4  V,  well 
within  the  electrochemical  window.  Exploratory  electrodeposition 
experiments,  followed  by  controlled  oxidation,  revealed  that  the 
optimal  growth  condition  was  at  a  cathodic  potential  of  -1.7  V  for 
1  h,  yielding  a  cathodic  efficiency  of  91  ±  3%.  The  electrodeposited 
Mn  films  were  subsequently  oxidised  electrochemically,  as  detailed 


Fig.  1.  STXM  images  of  the  cell  with  Au  anode  and  cathode  in  pristine  conditions. 
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Potential  /  V  vs  Au  QRE 

Fig.  2.  (a)  Cyclic  voltammogram  of  an  Au  electrode  in  2:1  urea/ChCl.  (b)  Cathodic 
linear  sweep  voltammetry  measured  with  the  same  electrode  in  the  same  electrolyte 
with  the  addition  of  MnCl2  1  M.  Potential  scan  rate  of  100  mV  s_1. 

in  Section  3.2,  causing  a  weight  gain  of  145  ±  5%,  corresponding  to 
a  mass  for  unit  area  of  110  ±  7  pg  cm-2.  For  material  character¬ 
isation,  electrodeposited  samples  were  produced  in  triplicate. 

3.1.2.  STXM  imaging  and  XAS  spectromicroscopy 

In  order  to  achieve  a  more  insightful  understanding  of  the  elec¬ 
trodeposition  process,  the  anode,  cathode  and  electrolyte  regions  of 
the  thin-layer  electrochemical  cell,  described  in  Section  2,  were 
characterised  by  means  of  STXM  and  XAS  spectromicroscopy. 

The  electrochemically  active  areas  of  cathode  and  anode  were 
imaged  by  STXM  under  the  following  conditions:  (i)  at  OCP  before 
application  of  potential  (i.e.  pristine  Au  electrode  conditions) 
(Fig.  1 )  and  (ii)  after  the  application  of  a  cathodic  potential  of  -1.7  V 
for  2  min  (Fig.  3a).  Comparing  the  images  reported  in  Figs.  1  and  3a 
the  formation  of  anodic  and  cathodic  electrodeposits  can  be 
noticed,  both  on  the  electrodes  and  projecting  into  the  electrolyte 
in  the  vicinity  of  the  electrodes.  Fig.  3b  shows  a  representative  set  of 
Mn  L-edge  XAS  spectra,  measured  in  the  selected  points  of  the 
cathode,  anode  and  electrolyte,  indicated  in  Fig.  3a.  The  peak 
positions,  lineshapes  and  L3/L2  intensity  ratios  of  the  Mn  L2>3 
spectra  are  the  fingerprints  of  the  Mn  oxidation  state  in  the  ana¬ 
lysed  locations.  By  increasing  the  valency  the  spectra  shift  to  higher 
energy,  accompanied  by  a  decrease  of  the  L3/L2  intensity  ratio  and 
changes  in  the  lineshape  [38-41].  The  Mn  spectrum  taken  inside 
the  electrolyte  is  very  similar  to  the  one  for  MnO  [40],  coherently 
with  the  2  +  valence  of  the  salt  dissolved  in  the  solvent.  The  line- 
shapes  and  peak  positions  of  the  Mn  spectra,  measured  within  the 
cathode  and  anode  areas,  evidence  the  presence  of  different  Mn 
oxidation  states  on  the  two  electrodes.  Compared  to  the  spectrum 
recorded  inside  the  electrolyte,  the  Mn  spectrum  from  the  cathode 
exhibits  a  shift  to  lower  energy,  accompanied  by  a  decrease  of  the 
L3/L2  ratio,  which  indicates  a  partial  reduction  of  Mn2+  to  a  lower 
valence  state.  On  the  contrary,  the  Mn  spectrum  measured  at  the 
anode  clearly  evidences  that  Mn2+  undergoes  further  oxidation  at 
the  anode  with  dominance  of  the  Mn3+  state. 

3.2.  Electrochemical  oxidation  of  electrodeposited  Mn  films 

As  mentioned  in  the  Introduction,  in  this  research  we  follow  the 
literature  approach  of  forming  Mn  oxide  films  by  electrochemical 
oxidation  of  electrodeposited  Mn  layers  [18-20].  In  this  Section  we 
shall  describe  the  electrochemical  oxidation  procedure  as  well  as 
the  electrical  and  optical  characterisation  of  the  materials  we 
obtained.  It  is  worth  recalling  that,  from  the  thermodynamic  point 


Fig.  3.  (a)  STXM  images  of  the  cell  with  Au  anode  and  cathode  after  the  application  of 
a  cathodic  polarisation  of  -1.7  V  for  2  min.  (b)  Mn  L3j2  absorption  spectra  taken  in  the 
positions  of  the  anode  (A),  cathode  (C)  and  electrolyte  (E),  as  indicated  in  Fig.  3a. 


of  view  [42],  Mn  can  be  oxidised  to  Mn2+,  Mn304,  Mn203,  and  Mn02 
as  a  function  of  potential  in  a  neutral  aqueous  solution. 

3.2.1.  Electrochemical  measurements 

Literature  reports  indicate  that  the  best  results  in  terms  of 
capacitive  behaviour  of  the  Mn  oxide  grown  by  oxidation  of  Mn 
electrodeposits,  are  obtained  using  the  CV  method  rather  than 
potentiostatic  and  galvanostatic  ones  [19,43].  Fig.  4  describes  the 
oxidation  of  a  Mn  film  electrodeposited  at  -1.7  V,  obtained  with 
40  voltammetric  cycles  at  a  scan  rate  of  25  mV  s-1  in  a  0.1  M 
Na2S04  aqueous  solution,  with  the  initial  and  final  potentials 
chosen  according  to  [19].  An  irreversible  anodic  c.d.  branch  is 
observed,  that  evidently  decreases  after  the  first  CV  cycles,  indi¬ 
cating  that  Mn  is  gradually  oxidised,  until  a  steady  cycle  is 
obtained,  highlighted  in  red.  Fig.  4,  also  reveals  that  the  anodic  and 
cathodic  charges  involved  in  the  anodic-  and  cathodic-going  scans 
tend  to  become  equal  with  increasing  cycle  number,  denoting  that 
a  stable  Mn  oxide  is  formed.  The  nearly  rectangular  shape  and  the 
symmetry  with  respect  to  the  potential  axis  of  the  CV  curves 
observed  after  40  scan  cycles  witness  the  notable  reversibility  and 
sound  capacitive  performance  of  the  Mn  oxide  obtained  with  the 
adopted  procedure. 

3.2.2.  In  situ  visible  electroreflectance  measurements 

In  situ  reflectivity  experiments  have  been  carried  out  in  order  to 
monitor  the  oxide  growth,  by  following  the  optical  properties  of  the 
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Fig.  4.  Cyclic  voltammograms  (40  cycles,  25  mV  s-1)  measured  during  the  controlled 
oxidation  in  0.1  M  Na2S04  aqueous  solution  of  electrodeposited  Mn  film.  The  arrow 
indicates  the  evolution  of  the  voltammetric  curves  as  the  number  of  cycles  increases. 


electrodeposited  Mn  film  during  electrochemical  oxidation.  The 
wavelength  of  500  nm  was  chosen,  were  the  difference  among  the 
reflectivity  of  different  Mn  oxides  is  maximal  [44].  Fig.  5a  shows  the 
potential-dependent  reflectivity  ( R )  of  the  sample  recorded  during 
40  cycles  of  voltammetry  scans  at  25  mV  s_1,  (see  Section  3.2.1)  in 
the  Na2S04  solution.  Each  cycle  varies  between  two  levels  of 
reflectivity  R\  a  higher  one  close  to  the  cathodic  terminal  potential 
and  a  lower  one  in  the  neighbourhood  of  the  anodic  terminal 
potential.  Furthermore,  R  exhibits  a  systematic  increase  during  the 
oxidation  cycles  until  an  asymptotic  response  is  attained.  According 
to  literature  data  [20,44,45]  and  coherently  with  the  applied 
polarisations,  these  levels  correspond  to  trivalent  and  tetravalent 
states  of  manganese  (i.e.  to  Mn203  and  Mn02  stoichiometries),  at 
the  lowest  and  highest  potentials,  respectively. 

In  order  to  more  fully  characterise  the  potential  dependence  of 
the  oxide  film  reflectivity,  after  completion  of  the  voltammetric 
oxidation,  we  applied  a  square  wave  polarisation  of  the  potential, 
switching  between  the  two  values  corresponding  to  the  terminal 
voltages  of  the  cycle  (-50  and  +850  mV):  after  an  exponential 
transient,  an  asymptotic  value  of  reflectivity  is  reached  cyclically 
(Fig.  5b).  This  experiment  shows  that  the  potential-dependent 
conversion  between  the  two  types  of  oxide  is  reversible,  though 
with  individual  relaxation  times  (estimated  by  fitting  the  experi¬ 
mental  data  with  first  order  exponential  growth  and  decay)  of 
205  ±  50  and  440  ±  50  s  for  the  Mn(III)  and  Mn(IV)  forms, 
respectively. 

3.3.  Characterization  of  electrochemically  grown  Mn  oxide  films 

This  Section  described  the  characterisation  of  the  oxide  films  in 
terms  of  their  morphology  and  capacitance. 

3.3.1.  SEM  morphology 

The  morphology  of  the  Mn  deposit  obtained  potentiostatically 
at  -1.7  V  for  1  h  and  anodized  as  described  above  was  examined  by 
SEM  (Fig.  6).  The  formation  of  nanowires  can  be  observed:  this  type 
of  structure  has  been  correlated  with  the  excellent  capacitive 
performance  of  the  Mn  oxide  [18,46].  It  is  worth  noting  that 
manganese  oxide  nanowires  [46]  and  nanotubes  [47]  -  synthe¬ 
sized  by  electrodeposition  followed  by  voltammetric  oxidation 
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Fig.  5.  (a)  Potential-dependent  p-polarised  reflectivity  at  500  nm  recorded  in  situ 
during  voltammetric  oxidation  of  a  Mn  film  electrodeposited  at  -1.7  V  for  1  h  40 
voltammetric  cycles  at  25  mV  s-1,  in  a  0.1  M  Na2S04  aqueous  solution,  (b)  Reflectivity 
transients  at  500  nm  obtained  by  switching  the  potential  between  -50  and  +850  mV 
after  the  oxidation  process  described  in  panel  (a). 


Fig.  6.  SEM  micrograph  of  the  Mn  film  electrodeposited  from  the  urea/ChCl  bath 
at  -1.7  V  for  1  h  and  oxidised  in  0.1  M  Na2S04  aqueous  solution. 
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without  surfactant,  catalyst  or  template  -  have  been  reported  in 
the  literature. 

3.3.2.  Capacitance  measurements 

The  capacitance  of  the  electrochemically  grown  and  oxidised 
films  has  been  measured  by  electrochemical  methods:  CV  and  EIS. 
These  methods  are  customarily  used  in  the  literature  to  examine  the 
electrochemical  properties  of  Mn02  for  supercapacitor  [18-20,48]. 
Fig.  7a  shows  the  CVs  of  anodised  Mn  electrodes  at  different  scan 
rates  from  5  to  100  mV  s-1.  The  approximately  rectangular  shape  of 
the  CV  curves  reveals  the  good  capacitive  characteristics  of  the  Mn 
oxides  prepared  in  this  study.  As  described  in  the  literature  [18],  the 
enclosed  area  of  the  CV  curves,  which  corresponds  to  the  charge 
storage  capacity  of  the  oxide  electrodes,  depends  strongly  on  the 
material  properties  and  thus  on  the  Mn  deposition  conditions.  To 
quantitatively  evaluate  the  functional  performance  of  the  Mn  oxides 
for  perspective  supercapacitor  applications,  the  specific  (i.e. 
referred  to  1  g  of  oxide)  capacitance  C  of  the  oxide  electrode  was 
estimated  using  the  following  equation  [18,20]: 

£  _  specific  voltammetric  charge 

-  potential  range 

where  the  specific  (i.e.  referred  to  1  g  of  oxide  [18,20])  voltam¬ 
metric  charge  was  integrated  from  the  positive  and  negative 
sweeps  of  the  CV  curves.  Fig.  7b  summarizes  the  specific  capaci¬ 
tance  of  the  various  Mn  oxides  measured  at  the  different  investi¬ 
gated  scan  rates.  The  error  bars  were  computed  from  triplicated 
experiments  carried  out  with  independently  grown  films;  results 
for  Mn  electrodeposition  in  n-butylmethylpyrrolidinium  bis(tri- 
fluoromethylsulfony)imide  (BMP— NTf2)  [18-20]  are  also  shown. 
For  consistency  with  the  literature,  we  used  the  customary  data 
presentation  format.  Moreover,  the  comparison  between  our 
results  and  literature  data  [18-20]  has  been  shown  also  in  terms  of 
capacitance  per  unit  geometric  area  (Cfl)  of  the  oxide  electrode, 
estimated  using  the  following  equation  [19]: 

£  _  voltammetric  charge  per  unit  electrode  area 
a  ~  potential  range 

where  the  voltammetric  charge  was  integrated  from  the  positive 
and  negative  sweeps  of  the  CV  curves.  Our  results  compare 
favourably  with  literature  figures  and  suggest  that  the  material 
prepared  by  the  approach  proposed  in  the  present  work  may  be 
suitable  for  supercapacitor  applications.  It  is  worth  noting  that  the 
capacitance  can  be  extracted  straightforwardly  and  perhaps  in 
a  physically  more  transparent  way,  from  the  same  data  by  linear 
fitting  of  the  CV  area  per  unit  electrode  area  vs.  the  scan  rate  vs 
[49,50].  The  capacitance  values  estimated  by  this  approach  are 
632  ±  18  F  g-1  (69.6  ±  2.0  mF  cm-2)  for  the  Mn  oxides  obtained  in 
this  work  and  from  210  to  250  F  g-1  (21-25  mF  cm-2)  for  literature 
data  [18-20]. 

The  capacitance  of  Mn  oxide  films  was  evaluated  also  by  means 
of  EIS.  Impedance  experiments  were  performed  in  the  frequency 
range  from  65  kHz  to  1  MHz,  with  a  sinusoidal  potential  modula¬ 
tion  of  10  mV  peak-to-peak  and  a  bias  of  400  mV,  corresponding  to 
the  centre  of  the  flat  region  of  CVs.  EIS  results  were  interpreted  in 
terms  of  the  equivalent  circuit  model  shown  in  Fig.  8a  [51  ]:  C  is  the 
capacitance  and  R\  and  R2  represent  the  uncompensated  electrolyte 
resistance  and  the  charge  transfer  resistance  of  Faradaic  processes, 
respectively.  Fig.  8b  shows  the  data  measured  with  the  Mn  oxide 
resulting  from  four  independent  deposits.  The  experimental  values 
and  the  fitting  curve  for  the  real  and  imaginary  parts  of  the 
impedance  as  a  function  of  frequency  are  reported.  The  NLLS  esti¬ 
mate  of  the  capacitance  was  575  ±  101  F  g-1  (63.3  ±  11.2  mF  cm-2), 
accurately  matching  the  estimate  obtained  by  the  CV  method. 


Fig.  7.  (a)  Cyclic  voltammograms  of  oxidised  Mn  electrodes,  measured  in  0.1  M  Na2S04 
aqueous  solution,  at  the  indicated  scan  rates,  (b)  Specific  Capacitance  as  a  function  of 
the  scan  rate  vs  and  comparison  with  literature  data. 
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Log(co)  /  frequency  to  (Hz) 

Fig.  8.  (a)  The  equivalent  circuit  model  used  for  the  interpretation  of  electrochemical 
impedance  spectra  measured  with  Mn  oxide  films  in  contact  with  a  0.1  M  Na2S04 
aqueous  solution,  (b)  Real  and  imaginary  parts  of  the  measured  impedance  as  a  func¬ 
tion  of  frequency:  the  symbols  represent  experimental  data  averaged  over  four 
replicated  measurements  with  three  independent  material  samples  (error  bars  cor¬ 
responding  to  one  standard  deviation),  the  continuous  lines  are  the  fits  with  the  model 
corresponding  to  the  equivalent  circuit  of  Panel  (a). 

4.  Conclusions 

In  this  paper,  we  report  a  multi-method  investigation  of  the 
electrodeposition  of  manganese  from  an  eutectic  choline  chloride/ 
urea  ionic  liquid,  followed  by  electrochemically  controlled  oxida¬ 
tion  in  aqueous  environment.  The  electrodeposition  process  was 
followed  by  synchrotron-based  STXM  and  XAS  spectromicroscopy 
experiments,  that  have  yielded  combined  morphochemical  infor¬ 
mation  highlighting  the  space  distribution  of  electrodeposited 
material  and  the  corresponding  chemical  state  of  Mn.  The  elec¬ 
trochemical  oxidation  of  the  Mn  deposits  has  been  carried  out  by 
cyclic  voltammetry  and  monitored  in  situ  by  visible  electro¬ 
reflectance  measurements:  good  correlations  were  obtained 
between  the  applied  potentials  and  the  optical  properties  corre¬ 
sponding  to  different  Mn  oxidation  states.  The  morphology  of  the 
oxide  films  was  found  to  be  of  the  nanowire  type.  The  capacitance 
of  the  obtained  films  was  been  measured  by  CV  and  EIS,  and  yielded 
a  value  of  632  F  g-1,  comparing  extremely  favourably  with  Mn02 
films  grown  by  cognate  methods. 
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